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ABSTRACT

A Study of Cause and Effect Relationships of
Snowmelt-Induced Movement for the
Skunk Hollow Landslide

by

Brent P. Randall, Master of Science
Utah State University, 2010

Major Professor: Dr. John D. Rice
Department: Civil and Environmental Engineering

The Skunk Hollow Landslide (located 1 mile north of Mantua, UT along US-89)
was instrumented with an automated monitoring system to aid in the determination of the
triggering mechanism of slow moving landslides.

Data was transmitted wirelessly

through telecommunications to allow year-round, real-time monitoring of the site.
Measurements were recorded and analyzed for the first season of landslide movement
(fall 2009 to spring 2010) to better understand the correlations between snowmelt and
movement initiation. Based on the first year of data, it appears that the Skunk Hollow
Landslide is controlled by water infiltrating into the slide mass through cracks and
fissures. Snowmelt is a function of many meteorological variables and future years of
observation will create a better understanding of the interaction of these variables with
landslide initiation.
(155 pages)
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INTRODUCTION

Slow-moving landslides are responsible for significant amounts of damage in
several regions of Northern Utah, mainly to highways, buried utilities, structures, and
commercial/residential developments. These landslides are often dormant from midsummer through the winter months and activated during the snowmelt as melt-water
permeates into or below the slide mass. A key to understanding the mechanism that
triggers the landslide movement is understanding how the melt water moves, both
through and around the slide mass, the effects of water infiltration, and water-pressure
build-up along the failure surface.

This research studies the cause-and-effect

relationships between snowmelt infiltration, the development of ground-water flow,
positive pore pressure build up, and movement initiation in the Skunk Hollow Landslide.
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LITERATURE REVIEW

Introduction

A literature review was performed to examine other studies that investigated
various physical and meteorological properties of slow-moving landslides as well as
general landslide triggering mechanisms. The goal of such a review was to understand
better the types of instrumentation needed for accurate monitoring, and what trends and
correlations to look for in the examination of landslide data.

Several studies were

examined from various regions and climates that had similar landslide parameters or
triggering characteristics.

Another study from The Utah Geological Survey was

examined that monitored several sites and weather conditions of slides in the Northern
Utah region.
The information learned from this review is presented in the following sections:
Seasonal Conditions, Physical Characteristics, Soil Properties, Data Collections, and
Observation Periods.

Seasonal Conditions

Seasonal conditions are considered the primary reason for the triggering
mechanism of slow-moving landslides. Often movement is seen in the late winter/early
spring as the groundwater/pore pressure rises as a function of springtime conditions.
These conditions include but are not limited to temperature, snowpack/snowmelt, warmer
precipitation (rain), higher and longer duration of solar radiation, and infiltration.
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There are a lot of considerations when examining temperature trends and the
precursors to movement. Ashland (2009) noted that for several days in early January
2008, both high and low temperatures remained above freezing along with gusty winds.
The combination of the temperatures and winds lowered the snowpack by three inches.
Multiple warming trends similar to what Ashland observed could lead to a gradual
deterioration of the snowpack as compared to a rapid deterioration that would be seen in
a cold winter/warm spring scenario.
Historical records have been examined to show that a temperature threshold
correlates very strongly to the initiation of landslide events (Chleborad, 1998). Various
historic (not slow-moving) landslides, and temperature data sets were closely studied,
showing that the initial yearly six-day moving average of daily maximum temperature of
58°F coincided with 84% of landslide failures within two weeks.
Spring precipitation in the form of rain is an important factor on the rate of
snowmelt, as spring rain is often accompanied with warmer temperatures that already
have a deteriorating effect on the existing snowpack. Chleborad (1998) believes spring
rain/snowmelt in combination with other triggering factors to have caused the failure of
the Lower Gros Ventre landslide, in 1925.
Caine (1980) studied the limiting threshold of rainfall and the activation of
shallow landslides and debris flows. It was determined that a threshold exists based on
studying many landslides and the precipitation that preceded the failure. Figure 1 shows
this threshold and the relationship between rainfall intensity and duration. Caine stated
that the functionality of the equation has a range from 10 minutes to 10 days. D is
rainfall duration in (hours), I is rainfall intensity in (mm/hour).
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I = 14.82 * D −0.39

Figure 1.

Rainfall intensity threshold (based on the equation by Caine, 1980).

This threshold is not a sure method to predict triggering exclusively based on
precipitation. A study based on the effects of monsoon rains in the Himalayas showed
that the rainfall intensity threshold curve came in significantly less than what Caine
(1980) predicted. It can be assumed that failure threshold is a function of precipitation as
well as many other geological and site related factors (Sengupta, Gupta, and Anbarasu,
2009).
Snowpack can be heavily influenced by air movement above the snow; wind
speeds up the process of evaporation by allowing fresh air with less water content to be
near the surface of the snow. Wind also circulates air, allowing warmer air to be in
contact with the snow surface, greatly increasing the melting/evaporation rate. Ashland
(2009) noted that a significant melting of the snow pack occurred in early January due to
a short time period of warmer temperatures and wind gusts that reached 47 miles per
hour.
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Physical Landslide Characteristics

Landslide velocities
Landslides come in different shapes, sizes, depths, and speeds.

To better

understand and distinguish between different types of landslides, the International Union
of Geological Sciences Working Group on Landslides adapted a body of standard
terminology as shown in Table 1 (Glastonbury and Fell, 2008).

Fissures/tension cracks
Many studies in the past of similar landslides in a predominantly clay soil composition
have seen fluctuations in piezometric readings as soon as one day or less after a
precipitation event (Matsuura, Asano, and Okamoto, 2008). Glastonbury and Fell (2008)
saw a range in response times that varied from less than 1 day to longer than 2 weeks. It
was noted that slides with a quicker response time showed signs of tension cracks near
the head scarp. Tension cracks can be a result of movement from previous seasons or
early season movement. After the crack has formed, water has a direct path into the slide
mass with little to no resistance from the surrounding soil matrix. The initial cracks
allow more water to enter the slide mass, enabling possible movements later in the
season.

Impermeable slip-surface
The slip-surface of a landslide can create an impermeable layer as clay
particles shear along each other. Matsuura, Asano, and Okamoto (2008) noted that late
season trends of pore water pressure differed completely from the trends seen earlier in
the season, likely due to the effect of this impermeable layer. The creation of an
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Table 1.

Landslide velocity descriptions

impermeable layer can affect a landslide in a wide range of possibilities or combinations
due to the change or blockage of water movement. An impermeable layer may not allow
water to flow past the slip-surface causing a condition known as ponding. Ponding is the
buildup of water inside the slide mass creating a perched or false water table. Figure 2
shows a landslide with ponding, and Figure 3 shows a landslide without ponding.

Soil properties
Water located in the void spaces between soil particles and rocks can exert a
pressure on the surrounding matrix, this pressure can relieve some of the stress felt by the
soil. As this water pressure increases, the stress of the soil decreases; the stress the soil
feels is called the effective stress. Karl Terzaghi explained the relationship of effective
stress as a function of the total stress in the soil and the pore water pressure as shown in
Equation 1 (Dunn, Anderson, and Kiefer, 1980).

σ'= σ –µ
where,
σ' = Effective stress
σ = Total stress

(1)
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µ = Pore water pressure

A rise in pore water pressure from infiltration or seasonal peaks decreases the
total effective stress in the soil; this increases the instability and shear stress of the slope,
leading to an eventual failure in the form of a landslide or other slope stability issue
(Matsuura, Asano, and Okamoto, 2008). Peak ground water levels occur in late winter to
spring as snowmelt seeps into the ground, Ashland (2009) showed that many observed
slides maintained their peaks after the onset of snowmelt; some maintained this peak for
several months. Spring rain may help to maintain these peaks over a longer period of
time.
Shuzui (2001) examined the process of slip-surface clay development in
landslides of Tertiary volcanic rocks.

Shuzui proposes that continuous or repeated

movement is due to an increase in the concentration of clays created in the slip-surface
and groundwater that is chemically favorable to the formation of smectite (a clay with a
very low friction resistance similar to montmorillonite or bentonite).
Glastonbury and Fell (2008) suggest that slip-surface soil shear strength is
maintained if the landslide has a low enough velocity (landslides that are in the slow to
extremely slow velocity range). Failure would likely occur over a period of time rather
than abruptly.
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Figure 2.

Figure 3.

A Landslide with ponding.

A Landslide without ponding.
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Observation Methods

Data collections
Data may be collected in a large variety or combination of ways including
automated procedures with electronics, manual readings/observations, and/or examining
historical and meteorological records. As with any system, there are pros and cons to
using one method or a combination of methods. Table 2 shows many of the pros and
cons with various methods of gathering data. From the review of case studies, there was
a large variety of methods available to gather data, most of which consisted of manual or
automated readings for a specific site studied. Chleborad (1998) was one of the few
studies reviewed that was based solely on historical data. The results of his study were
used to aid in the determination of timing at which to put instruments to use on their own
research sites.
Pore pressure in and around the landslide has been the main focus of interest in
several studies throughout the world.

In Japan, an automated procedure was

implemented to measure pore pressure through the use of piezometers and a datalogger
that recorded data continuously on 30-minute intervals until the cables were cut several

Table 2.

Data gathering techniques
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months after installation due to large landslide displacement (Matsuura, Asano, and
Okamoto, 2008). Ashland (2009) measured the ground-water levels through a manual
process using a Heron Instruments water-level meter. Readings were taken in several
landslides in the region using preexisting monitoring wells. Well depths ranged from 2.6
to 153 feet in depth below ground surface. One of the challenges faced in this study is
the lack of data regarding well construction or drilling logs. Observations were manually
read throughout the season (fall to spring) about 1 to 2 times per month. During the
critical snowmelt in the spring, observation intervals became smaller due to the
importance of water table fluctuations and landslide movement.
Snow measurements were compiled by Ashland (2009) during site visits.
Measurements and observations include snow depth using hand-dug snow pits, snow
moisture content, and sketches of specific snow layers to help determine water
equivalents of the sites.
Landslide movement is very valuable in the analysis of supplementary data for a
landslide case-study. Inclinometers may be used to measure the landslide tilt from a
premeasured baseline (for more information on inclinometer setup and operation, see
Methodology).

Shuzui (2001) used an inclinometer to monitor the magnitude of

landslide movement as well as to determine the location of the slip-surface.
Monitoring movement can be difficult in landslides with larger magnitudes of
sliding, and as Matsuura, Asano, and Okamoto (2008) showed, the use and range of an
inclinometer is limited to smaller magnitudes of movement. Large amounts of movement
can shear the inclinometer pipe used to make readings. To monitor movement on a larger
displacement slide, the researchers decided to use a borehole wire displacement gauge,
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this allows a stainless steel wire to be inserted into the borehole with the wire end secured
in solid ground below the failure surface of the landslide. On the surface, the wire goes
into a control box with a series of pulleys and a multi-turn potentiometer to monitor
extension of the wire as the slide fails. One of the advantages to this type of instrument is
that it has a larger range and is not as susceptible to shear as a vertical pipe is. A
limitation is that it only measures movement, and since there is no inclinometer, one is
not able to determine the location and size of the failure surface through the use of this
instrument alone.

Observation periods
Observation periods vary greatly with different studies. Instrumented studies can
have an observation period starting in the fall and going for several months until the
summer season, monitoring only one year of seasonal movement (Ashland, 2009). Other
studies will continue for several seasons examining not only movement over one year of
time but also examining reoccurring trends and differences based on multiple years of
data.
Non-instrumented studies generally have a larger range of observation periods
because the study is not a detailed case-study of a specific slide, but rather an overview
study of documented slide movements with historical meteorological data. These studies
can involve a few slides with similar geology in a close region as Sengupta, Gupta, and
Anbarasu (2009) observed using historic data from 1998 to 2006 along the North Sikkam
Highway, India. Similar studies can examine a much large range of data in a greater
region. Chleborad (1998) examined a wide variety of landslides of different geologic
characteristics in the Western United States. The study examined catastrophic historical
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landslides that occurred in this region from 1925 to 1997. An analysis was performed on
these slides to determine if there was sufficient meteorological data recorded near the
time and location of the event. With the landslides that were deemed acceptable with
sufficient historic and meteorological data, an in-depth study was performed to determine
correlating events with a spring-time temperature threshold (discussed previously in the
Literature Review, Seasonal Conditions).
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LANDSLIDE GEOLOGY

Skunk Hollow Landslide

The Skunk Hollow Landslide is a round bowl-shaped west-trending landslide on
the westward slope just east of US 89 north of Mantua, Utah. Boring logs from
instrumentation installation show the landslide is generally made up of a high plasticity
clay from just below the ground surface to the fragmented bedrock that is 27-40 feet
below the ground surface. Geologic maps have been included in Appendix H.
The Natural Resources Conservation Service soil report (NRCS, 2009) shows that
the upper 18 inches of soil as a clay loam followed by clay. This is a generalized report
for large regions of soil surveys, the assessment of the soil conditions is not significantly
different than what was found on site with the three borings that were excavated and
logged. The report indicates that clay becomes gravely clay from 48 to 60 inches. The
boring logs from the site show that little to no gravel was encountered until after 15 feet
in depth.

There were significant amounts of gravel nearing what appeared to be

weathered bedrock before refusal of the drilling equipment occurred.

The Utah

Geological Survey shows that the bedrock in the region is an Older Paleozoic
sedimentary rock (Mississippian to Cambrian) on the south half of Plate 1, map 172
(Solomon, 1999).

Similar Landslides in the Region

Similar landslides in the region (within 100 miles) have some similar
characteristics in the magnitude and timing of movement. Many are activated in the
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extremely wet/saturated conditions that are present during the spring as snowmelt
infiltrates into the slide mass. Many of these slides, including those in the Eden, Utah
(East of Ogden) region, have had failure associated with the Norwood Tuff formation, an
old volcanic ash deposit that has been responsible for many slope failures.
During the site selection stage of this project, several trips were made to the Eden,
Utah region to examine possible case-study sites. Many of these sites showed extreme
examples of the effects of landslide movement. An example of tension cracks is shown
in Figure 4. This landslide is located near Wolf Creek Drive. The head of the landslide
is located in the parking lot near a welcome center for the Wolf Creek Subdivision. An
extreme case of tension cracks can be seen due to the scarp zone being located through an
asphalt parking lot, allowing a permanent tension crack and source of water into the slide
mass through the asphalt cracks.

Figure 4.

Tension cracks in the slide near the Wolf Creek Subdivision.
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Another slide located south of Eden shows the formation of a graben that can
accompany failed slopes, allowing water to enter the slide in the upper region of failure.
A graben is formed when the top of the landslide pulls away from a hill and creates a low
depression. A graben is a miniature valley where snow or other precipitation has no
place to run off except through infiltration into the slide through the soil or tension
cracks. This bowl feature on a landslide will be referred to as the bathtub effect. The
bathtub effect can also occur inside the slide mass due to previous failure planes. Both
possibilities of the bathtub effect are illustrated in Figure 5. The slide located south of
Eden showed the possibility of this effect after an unexpected slope failure in the spring
of 2009. Figure 6 shows the failure from below looking up. There is a large volume of
the slope that slid, creating a massive scarp/depression at the top. Figure 7 shows the top
of the slope failure, in which there is a depression to the right that would be an excellent
graben to contain water and allow water seepage into the slide through newly exposed
tension cracks. This would be a good example of the bathtub effect.

Figure 5.

The surface and internal bathtub effect.
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Figure 6.

Figure 7.

A large failure creating a graben.

A newly formed graben with tension cracks.
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METHODOLOGY

Goal

The goal of this project was to provide a better understanding of the mechanisms
that trigger slow-moving landslides. Initially there were two primary scenarios of failure
that were considered: 1) water infiltration through the landslide causing failure due to an
excess amount of water that has ponded above the slide shear plane, and 2) water
seeping from below the landslide creating additional pore pressure to the underside of the
failure surface. Figure 8 illustrates these scenarios. It was not entirely certain if the
failure would be caused by one or a combination of these scenarios, or other factors that
were yet to be determined.
The objective was accomplished through the use of a real-time wireless
monitoring system that analyzed and recorded data from various instruments installed on
the landslide to study the correlation between seasonal snowmelt/water infiltration with
water flow, water pressure, air temperature, ground temperature, and precipitation.
Monitoring started in the fall of 2009 and continued through the spring of 2010,
providing the first season of instrument data. One of the long-term goals of the research
is to provide data over several years to allow analysis and comparison of different years
with different winter/spring conditions.

Design objectives
During the winter of 2008/2009, before a final site selection was determined, we
began to look at the initial experiment design to decide whether to use an automated data
collection process or instruments measured manually through frequent site visits. It was

18
decided that to get the quality and quantity of data needed to correlate water pressure
buildup and slide movement, we should focus on an automated data collections process,
enabling data to be gathered around the clock. With the implementation of a wireless
communication device, it would also allow real-time monitoring of the data from a
remote location.
Information was gathered from several different companies on instruments that
could take the measurements we would need. Instrument/supplier selection was based on
the quality of the instrument/measurement, price, required field maintenance, and the life
expectancy of the instrument under normal operation.

Figure 8.

Possible scenarios for the buildup of water pressure along the slide plane.
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Site Selection

During the initial investigation of landslides, we contacted Mr. Francis Ashland of
the Hazards Division of the Utah Geologic Survey (UGS) to assist in identifying a
landslide to study. Several sites were visited in the region surrounding Eden, Utah as
well as one between Logan and Brigham City, Utah to examine possible study locations.
Table 3 summarizes the findings of possible sites. Figures 9 through 12 show some of
the important features of these sites.
The Skunk Hollow Landslide was the fifth site examined, located about 1 mile
north of Mantua, Utah along US 89 (Sardine Canyon). The slide lies on the west side of
the highway and is roughly bowl shaped.
promising features including:

Upon investigation, the slide had many

1) access for drilling equipment, 2) few or no

boulders/cobbles in the area that would complicate instrument installation, 3) a small
possible recharge area for groundwater, and 4) very moist conditions in what appeared to
be springs surfacing on the slide during our visit. The moist conditions are an indicator
of possible excess pressures in the slide.

Figure 9.

Locations of Sites 1-4 near Eden, Utah.
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Table 3.

Figure 10.

Summary of possible landslide study sites

Tension cracks in a parking lot at Site 1.
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Figure 11.

Figure 12.

Side view of Site 2.

A representation of the complexities of the Snow Basin road slide, Site 3.
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The landslide also had some features that were not expected but have shown
themselves to be very helpful for this case-study. A deer fence was installed several
years earlier during the modifications to US 89. The fence was installed through the
middle of the landslide allowing us to examine the displacement of the fence from a
straight line and compare it to the time since the fence was installed, giving us an average
movement per year. Also, the location of the site was quite close to Utah State University
which allowed quick accessibility when we needed to perform site visits.
In picking a site we had to consider the method used to collect data. If remote
data collection capabilities were going to be implemented, we needed to pursue one of
two options.

Option 1 is a cellular phone modem.

If cell phone reception were

poor/unavailable then we would use Option 2, setting up a relay system of radios with a
radio on a ridge or peak top enabling remote communication.

The Skunk Hollow

Landslide has two cellular phone towers in visible sight with excellent cell phone
reception. Based on the location, site conditions, simple landslide geometry, and cellular
capabilities, it was decided that the Skunk Hollow Landslide would be the best place to
perform the case-study. Appendix A contains the landowner agreement. Figure 13
shows the location of the site, Figure 14 is a photograph from the east side of US 89.

Figure 13.

Site 5, the Skunk Hollow Landslide located 1 mile north of Mantua, Utah.
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Figure 14.

The Skunk Hollow Landslide looking northwest.
Instrumentation Overview

After choosing the Skunk Hollow Landslide as the location for our study, we
began to finalize the instrument design and prepare for installation. The final instrument
design uses a Campbell Scientific datalogger in combination with some instruments from
Campbell Scientific, Geokon, and a homebuilt rain gauge.

Datalogger
The datalogger we installed is a Campbell Scientific Inc. CR1000 capable of
supporting many types of instruments/measurements and equipment including: analog
sensors, bridge sensors, pulse sensors, digital I/O ports, RS232 Sensors, and vibratingwire sensors with the support of an appropriate interface. The CR1000 is powered by a
12-volt DC power source and has an internal lithium battery to back up the clock,
program, and memory in the event of a power failure. The Skunk Hollow Landslide
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instrumentation is powered by a 12-volt, deep-cycle marine battery that is recharged daily
through a solar panel. As with any data gathering system, one of the important features
of the CR1000 is its ability to transfer data from the datalogger to a computer in a
readable format. The CR1000 enables data to be copied rather than moved from the
datalogger to a computer. Downloading data in this format provides a backup of the data
and the ability to access the information multiple times (different users) without the
possibility of data loss. In order to transfer data, ports have been built into the datalogger
allowing a physical connection or a connection through telecommunication technologies
allowing remote monitoring. The CR1000 is equipped with a grounding lug that can
allow multiple instruments to be grounded to the datalogger and then the datalogger can
be grounded to an earth ground with a grounding stake. With the rate of data collection
that occurs with the monitoring program installed during the 2009-2010 monitoring
season, the datalogger is capable of storing data for one to two years before starting to
overwrite existing data. Figure 15 is a CR1000 Datalogger.

Vibrating-wire spectrum analyzer
Vibrating-wire instruments are very rugged and excellent at obtaining good
measurements in the field with one exception; they are very susceptible to external noise
in the reading.

The AVW200 Vibrating-wire Spectrum Analyzer Module is

manufactured by Campbell Scientific Inc. and allows vibrating-wire instruments to be
read from two ports with clarity by reducing the external noise previously seen in
monitoring. The operation of the interface requires known inputs of minimum and
maximum excitation and frequency, and an excitation voltage. There is a thermistor
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included in vibrating-wire instruments to aid in the correction of thermal
expansion/contraction that can take place in the instrument.
In the case of our landslide, five vibrating-wire instruments were needed with the
possibility of an additional two piezometers in case it became necessary to monitor
groundwater at additional depths. The AVW200 can monitor more than three vibratingwire instruments with the addition of a multiplexer which will be discussed below in
more detail. Figure 16 is an AVW200 (Campbell Scientific Inc., 2010).

Multiplexer
The AM16/32B Multiplexer is manufactured by Campbell Scientific Inc. and is a
set of expansion ports that expand one port into 16 or 32 additional ports dependent upon
the type of instrument being installed. For example, the multiplexer can accommodate 16
vibrating-wire instruments requiring four connections per instrument, or 32
thermocouples, each only requiring two connections per instrument. A slide switch is
located on the multiplexer to enable either of these options. The multiplexer can be
installed as an addition to a datalogger or other interface as we have done with the
AVW200. The AVW 200 is capable of reading up to two vibrating-wire instruments,
when the multiplexer is installed with the AVW200 as was done with our equipment. Up
to 16 vibrating-wire instruments can be read per scan that the datalogger performs, or two
multiplexers can be connected per AVW200 if there are between 17 and 32 vibratingwire instruments.
One of the limitations of the multiplexer is that it does affect how often scans can
be performed on instrumentation. Scan rates should be no faster than one scan every 30
seconds due to the required delay time required for the multiplexer to complete the
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previous scan. This required delay to allow the multiplexer to perform the scan of the
sensors is the only externally audible indicator that the datalogger is performing an
operation. When a scan is performed, and if the environmental enclosure is open, one
can hear a series of ticks as the multiplexer runs the scan cycle. Figure 17 is a picture of
the AM16/32B Multiplexer.

Piezometers
To date, 4 Geokon model 4500S vibrating-wire piezometers have been installed in
the Skunk Hollow Landslide to measure pore pressure in standpipes that have been
strategically located on the site at various depths to capture pore pressures above and
below the slide plane. The instrument is constructed using a stainless steel housing that
has a stainless steel filter on one end and sealed cabling coming out the back. The
instrument has an outside diameter of 0.75 inches, enabling it to be easily inserted into a
1-inch PVC pipe standpipe. Use in a standpipe allows the instrument to be easily
withdrawn for replacement or relocation. Other installation options include inserting into
a borehole and backfilling with bentonite, an excellent method for having multiple
piezometers closely spaced in the same borehole to monitor the pressure at different
levels. Installations that bury the piezometer directly in bentonite need to ensure that the
piezometer will remain in a saturated state as well as understand that instrument recovery
is very difficult. Skunk Hollow Landslide was instrumented with the piezometers in
standpipes to enable simple instrument recovery, manual inspection/reading of the
standpipes, and to confirm the quality of the instrument’s readings. Each piezometer is
equipped with a thermistor used to correct the recorded frequency due to the effects of
temperature fluctuations in the instrument. The temperature measurements from the
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thermocouple were used in addition to pore pressure to analyze the flow of ground water
(e.g. if there were a rapid change in temperature of one of the piezometers at the time of
spring melt and the others remained constant, then that data could be used to show that
cracks and fissures were controlling the water pressure in that region). As with all
instrumentation, it is important that the piezometers are protected from lightning; this has
been done through proper grounding of the datalogger. Electrical noise/interference is a
major concern with any instrumentation, especially with vibrating-wire instruments. To
help mitigate against this interference all of the cabling has been shielded to protect it
from external noise as well as to protect other instruments from noise. Figure 18 shows
two piezometers (Geokon, 2010).

Figure 15.

Campbell Scientific CR1000 Datalogger (after Campbell Scientific, 2010).

Figure 16.

Campbell Scientific AVW200 vibrating wire spectrum analyzer (after
Campbell Scientific, 2010).
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Figure 17.

Campbell Scientific AM16/32B multiplexer (after Campbell Scientific,
2010).

Figure 18.

Geokon vibrating-wire piezometers (after Geokon, 2010).

Displacement-meter
The vibrating-wire, long-range displacement-meter is manufactured by Geokon,
Model 4427. The instrument is designed using a vibrating-wire transducer and, as such,
has many characteristics similar to those already discussed with the AVW200 and
piezometers. The long-range displacement-meter has an extension of up to 2 meters in
total movement through extension of the steel cable that is wound on a spring-tensioned
drum on the inside of the displacement-meter housing. Rotation of the drum is translated
into a screw that the vibrating-wire transducer is able to measure and convert into a know
distance/displacement. Similar to the piezometers, there is a thermistor installed in the
housing to provide corrections to the vibrating-wire measurements. This temperature can
also reflect the temperature of the snow at the ground surface as examined in the data
analysis.
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The displacement-meter housing was secured near the center of the landslide near
the datalogger to minimize the required cable length. The extension steel aircraft cable to
monitor the movement was run uphill to a secure location that would not be affected by
landslide movement (more in-depth details regarding precautions to protect the cable are
discussed below in the Installation section).

Figure 19 is a Geokon long-range

displacement-meter.

Barometer
The barometer is a CS100 distributed by Campbell Scientific Inc., manufactured
by Setra as Model 278. The barometer was installed to help in the analysis of the
piezometers as atmospheric pressure affects their measurements. The barometer has a
range of 600 to 1100 mb; that translates into an elevation range from sea level to about
12,000 feet.
Another alternative would have been to purchase piezometers that are vented,
which would enable the piezometers to adjust automatically to the ever-changing
atmospheric conditions. One of the concerns with that is the vent cables cannot be
pinched and this can complicate the installation process while cables are being pulled
through tight apertures and bends. The cable also allows the possibility of moisture
entering the instrument, leading to an eventual malfunction. Figure 20 is a CS100
Barometer (Campbell Scientific Inc., 2010).

Air temperature
The 107-L Temperature Sensor manufactured by Campbell Scientific is a robust
simple sensor capable of withstanding a variety of extreme environmental conditions.
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The sensor is relatively small, with a length of 4.1 inches and a temperature range from 31° F to 122° F. Sunlight can greatly affect the quality of measurement so it is important
to protect the sensor from solar radiation when measuring outside air temperature; this is
accomplished through the use of an aspirated radiation shield to allow air movement
around the sensor while shielding it from sunlight. Figure 21 is the Skunk Hollow 107-L
air-temperature sensor with a radiation shield.

Figure 19.

Figure 20.

Geokon long-range displacement-meter.

Campbell Scientific CS100 Barometer (after Campbell Scientific, 2010).

Figure 21.

Campbell Scientific 107-L with radiation shield.
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Ground temperature
The ground temperature is measured using the same Campbell Scientific Inc.
107-L Temperature Sensor. The ground temperature sensor does not need an aspirated
radiation shield due to its installation underground and no potential for solar radiation.
The sensor for the Skunk Hollow Landslide is buried a few inches below the battery
inside the battery box enclosure, enableing a monitoring of the battery temperature
conditions as well as observations of the soil on the site at a depth of about 12 inches.
The 107-L is capable of being fully submerged in water at depths of up to 50 feet.
Ground-temperature measurements were also taken in each of the piezometer
locations as well as inside the housing for the vibrating-wire displacement-meter. The
temperature inside the displacement-meter represents the temperature of the snow at the
ground surface. Figure 22 is a 107-L temperature sensor (Campbell Scientific Inc.,
2010).

Figure 22.

Campbell Scientific 107-L temperature sensor (after Campbell Scientific,
2010).
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Rain gauge
Due to the high cost of a precipitation gauge capable of effectively measuring rain
as well as snow, it was originally thought that the research project would have to use a
less costly and less effective instrument due to budget constraints. After discussing the
matter with Ron Campbell (friend of the author), the idea was suggested that the graduate
student (Brent Randall, author) construct his own precipitation gauge for less than $100,
capable of both rain and snow measurements. After discussion and analysis of possible
designs and important features of a rain gauge, construction started in September 2009.
With the support of Juniper Systems Inc., Ron Campbell donated a load cell to be used
with the rain gauge. Other materials to construct the gauge were purchased at nearby
hardware stores.
The design involves a sturdy metal tube with a mounting plate welded on top that
forms the steel base. The load cell is attached to the steel base with a weigh plate on the
load-bearing side of the load cell. The weigh plate was sized to fit the bottom of the
white inner weigh bucket and secures the bucket to the plate with two springs as can be
seen in Figure 23. The black protective shield has a known opening with an average
diameter of 6.21 inches. Precipitation falls directly into the inner weigh bucket so the
load cell can measure a weight and determine the amount of precipitation that has fallen.
The gray outer protective bucket in combination with the black protective shield is
designed to keep the load cell shielded from surrounding environmental conditions as
well as prevent wind from affecting the load cell measurement. Holes were drilled in the
bottom of the gray bucket to allow fluid to drain and prevent damage to the load cell.

33
To allow for the continuous measurement of snow, most rain gauges need to be
maintained (emptied), or have a way to melt the snow into water so that it does not take
up as much room in the weigh bucket. Many rain gauges melt the water through the use
of a heater or by chemical means. In the construction of our rain gauge, since low
maintenance and low power consumption were primary concerns, it was decided to fill
the rain gauge with an antifreeze and vegetable oil solution to allow it to take all
precipitation measurements with several months between site visits to empty or service
the unit.

Figure 23.

Design of the custom built rain gauge.
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Vegetable oil was used to create an upper boundary layer so that evaporation losses in the
rain gauge would be minimal. The vegetable oil is less dense than water or antifreeze
and is able to stay on the upper surface of all the fluids in the rain gauge. The antifreeze
enables snow to settle inside the rain gauge and melt soon after so as to not fill the rain
gauge in one snow storm. A secondary benefit of the antifreeze is that it prevents the
solution from freezing, expanding, or cracking which would destroy the weigh bucket.
Figures 24 and 25 show pictures of the rain gauge during construction and during testing.

Figure 24.

The internal steel frame of the rain gauge.
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Figure 25.

The rain gauge with the external weather protection bucket installed.

Volumetric water content sensors
The CS616 is a Volumetric Water Content Sensor (VWC sensor) manufactured
by Campbell Scientific Inc. The instrument is designed to measure the volumetric water
content in the surrounding soil matrix by sending an electrical signal through the probes
and measuring the travel-time delay, the delay being a function of the volumetric water
content in the soil. All soils are not created equal and the same delay in 2 different soils
does not necessarily reflect the same water content.

With the installation of this

instrument, it is important to calibrate the soil into which it is being inserted into to
ensure a reliable measurement.
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The probes can be installed at any orientation in the soil without affecting the
measurement. It is important that the probes remain as close to parallel as possible and
that there are little to no air voids touching the metal part of the probes because this can
greatly affect the quality of the measurement. Figure 26 is a CS616 volumetric water
content sensor (Campbell Scientific Inc., 2010).

Inclinometer
An inclinometer is an instrument that is inserted into a previously installed pipe to
measure the tilt at different elevations in the pipe. Utah State University had some
recovered inclinometer casing left over from a previous project. This casing was used on
the Skunk Hollow Landslide. After installation of the inclinometer casing, a zero reading
must be taken to create a baseline for the analysis of future movement.

Using an

inclinometer on the Skunk Hollow Landslide allows a variety of information to be
collected.

Slope movement can be calculated and compared to other movement

calculations taken on the slide. The inclinometer also shows an excellent profile view of
the landslide and the failure surface. This profile view allows us to examine the shear
plane and understand not only the magnitude of movement but also understand the region
below the ground where movement occurred.

This enabled us to perform a closer

examination of soils in the shear zone.
Inclinometer measurements are based on the idea of a stable/stationary bottom
reference point. If the base is not in solid/stable soil, measurements taken will not reflect
as accurate a movement as is desired to understand the landslide slip-surface. Figures 27
and 28 show the inclinometer being used on the Skunk Hollow Landslide.
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Figure 26.

Campbell Scientific CS616 volumetric water content sensor (after Campbell
Scientific, 2010).

Figure 27.

The inclinometer prior to being inserted for measurements.
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Figure 28.

Taking readings with the inclinometer.

Solar panel
The solar panel is manufactured by Campbell Scientific Inc., Model SP10-R. The
solar panel is designed to charge the 12-volt battery through photovoltaic energy. The
solar panel is equipped with a regulator that allows it to be connected to a lead/acid
battery such as a marine battery. Peak power of the solar panel is about 10 watts at 0.57
amp. Due to the solar panel being equipped with a regulator, it is important to assume
that the solar panel leads are hooked up to the battery directly, rather than to the
datalogger power input. To maximize solar panel efficiency, the panel was directed
south due to the geographic location of the experiment as seen in Figure 29.
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One of the unforeseen affects of having the solar panel is the ability to have a very
simple measure of solar radiation. On a daily cycle it is possible to see the amount of
charging that is occurring, which is important because the amount of charge represents
the amount of solar energy reaching the panel as well as the snow.

Telecommunications
The ability to monitor the landslide remotely increases the quality of the casestudy by allowing frequent data examination to determine the necessity of an onsite visit.
To accomplish this, the Raven XTV (manufactured by Sierra Wireless, distributed by
Campbell Scientific Inc., coverage provided by Verizon Wireless) cellular phone modem
has been in interfaced with the datalogger. The modem is capable of transferring data at
a rate of 1,200 bps to 115.2 kbs through an RS232 connection to the datalogger. Cell
phone coverage was not a concern on the site with two cellular phone towers in direct
line of site from the instrumentation/modem location. A small antenna (half-wave dipole
whip antenna) was installed on the modem to transmit data. Had the signal been weaker,
larger antenna options were available. Figure 30 shows the cell phone modem (Campbell
Scientific Inc., 2010).

Figure 29.

Campbell Scientific SP-10R solar panel.
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Figure 30.

Campbell Scientific Raven XTV cell modem (after Campbell Scientific,
2010).

Battery
A 12-volt, deep-cycle marine battery was purchased and installed in conjunction
with the solar panel previously discussed to provide a long-term power supply to the
experiment. One of the advantages of the regulated solar panel was that it enabled any
lead acid battery to be used, and replaced at a future time. The battery is capable of
powering the instrumentation for several months without charging and with the aid of the
solar panel, the battery could potentially last the length of the long-term study. To
promote prolonged battery life, the battery was buried in an enclosure atop two pieces of
wood to help insulate the battery from the earth. The location of the battery enclosure
also provides a relatively stable temperature environment that the instrumentation does
not experience.

Grounding stake
A grounding stake was considered a necessary piece of equipment for this
experiment, both in providing an earth ground for the electronics as well as lightning
protection to the instrumentation. A lightning surge could cause permanent damage to
any of the instruments or to the datalogger. With a proper ground the experiment should
be able to withstand nearby lightning strikes. The rod consisted of a length of aluminum
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rod core, approximately 3 feet long with a copper exterior. Large gauge wire connects
the rod to the control box. The instrumentation grounds are connected to the datalogger
which is connected to the grounding stake wire.
Electronic wire shielding is also connected to the earth ground in an effort to
minimize any outside electrical noise/interference that could be detected in a reading.
Many of the instruments have been equipped with wire shielding to aid in the protection
from electrical noise, including all the vibrating-wire instruments and the load cell for the
rain gauge.

LoggerNet
Remote data collection has been made possible through the use of a computer
program called LoggerNet supplied through Campbell Scientific Inc. For the 2009/2010
landslide season, the Skunk Hollow Landslide data was collected using version 3.4.1 of
LoggerNet.
Functions that LoggerNet facilitated include but are not limited to:
1. Writing the software program to power the datalogger and collect data from the
instruments through the use of CRBasic Editor
2. Write simpler programs with common instruments with Short Cut
3. Setup and initialize instruments/system components
4. Allow data collection through a physical or wireless connection
5. Enable real-time monitoring for the calibration and testing of instruments
Several screenshots have been included to show the interfaces that are used on
LoggerNet as well as to show how data was gathered through the use of the software.
See Figures 31 through 37.
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Figure 31.

Figure 32.

The initial screen after LoggerNet is opened.

A screenshot of the program written in CRBasic.
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Figure 33.

Figure 34.

A screenshot of Short Cut.

A screenshot of the Connect Screen.
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Figure 35.

Collecting specific data from a known datalogger.

Figure 36.

Figure 37.

Collecting data from the datalogger.

A confirmation and specific quantity of data collected.
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Initial Setup

Due to the complexity and quantity of the instrumentation, all of the system
components were installed, wired, and checked for proper operation before being taken to
the site for final installation. The initial setup took place in the on-campus Water/Flume
Lab at Utah State University in Logan. The ability to check, confirm, and calibrate the
instruments in a controlled environment proved to be invaluable. The wiring was quite
complex due to the number of instruments and communication devices integrated with
the datalogger and the vibrating-wire module. Care was taken in writing the code in
combination with wiring of the instruments; the wiring needed to reflect the commands
that the datalogger followed in regard to the I/O, excitation, and the monitoring ports.
Since the layout of the CR1000 in combination with our instrumentation required
that a few of the ports be used for multiple instruments, it was very important to verify
that this would not affect the quality of the measurements taken due to several
instruments using the same port at different times.

Figures 38 and 39 show the

instrumentation during the initial setup. A copy of all of the instrument calibration
reports and data sheets has been included in Appendix B.

Figure 38.

Initial wiring of the CR1000 datalogger.
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Figure 39.

Instruments in the CEE building being connected and tested.

At the time the initial setup was occurring, preparations on the site for the
installation were also underway. Y2 Geotechnical had offered to assist with the drilling
of several boreholes for the placement of the inclinometer and standpipes for the
piezometers. While drilling operations were underway, care was taken in retrieving
quality soil samples that could be used to calibrate the CS616 Volumetric Water Content
Sensors. From the borings as well as excavation by hand, it was apparent that the
CS616’s would encounter 2 different soil conditions: the topsoil had a high organic
concentration with an earthy smell while below that was more of a clay layer. Samples
were taken of these 2 types of soils and calibration values with known volumetric water
contents were recorded. The results of the soil calibration gave an equation for each soil
relating moisture content to instrument reading. The equations are as follows:
Upper top soil,

Moisture Content = 0.1901 * (Reading) + 0.157

(2)

Lower clayey soil,

Moisture Content = 0.4421 * (Reading) – 0.0253

(3)
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Rain gauge calibration
The load cell was calibrated to take weight readings and convert them to a known
amount of precipitation based on the diameter of the opening in the top of the rain gauge.
To calibrate a load cell, two points are needed to create a line that represents the
relationship between millivolts (mV) output and a weight reading. Three known weights
were used to calibrate the rain gauge and their respective mV readings were recorded.
The weights were 0.0 lb, 1.01 lb, and 25.16 lbs, Figure 40 shows the plotted results of
this calibration. Based on the graph, the equation to relate mV to weight was calculated.
It is important to note that the R2 value shown on the graph is equal to 1: this value
represents the quality of the representation of the equation to the plotted data. A value
close to 1.0 (greater than 0.90 generally) means that the equation is very representative of
what is occurring on in the real system.
ܹ݁݅݃ℎ = )ݏܾ݈( ݐ23.312 ∗ (ܸ݉ ܴ݁ܽ݀݅݊݃) − 1.7209

Figure 40.

A graph showing the calibration of the rain gauge load cell.

(4)
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The purpose of the rain gauge is to show the amount of precipitation in units of
length. To convert weight to length there needs to be a know area of the entrance to the
precipitation gauge, as well as an assumption of the unit weight of the fluid being
measured. The average diameter of the opening of the rain gauge was found to be 6.21
inches; the computed area equals 30.28 in2. With the calibration equation calculated, the
diameter of the opening measured, and the unit weight of water taken as 62.4 (lb/ft3),
there was enough information to create an equation that represents the depth of
precipitation as a function of the mV reading.

The equation below represents the

equation used to calculate precipitation.

ܲ݅ܿ݁ݎ. (݅݊) =

ଶଷ.ଷଵଶ∗()ିଵ.ଶଽ)ି௦ ௐ௧∗(ଵଶ /ଵ ௧)య
್ೞ

ଶ.ସ ቀ య ቁ∗ଷ.ଶ଼ଷସଽ (మ )


(5)

where,
mV = Measured Millivolts
Base Weight = Dry weight of the weigh bucket, plate, and antifreeze/oil solution

Other instruments were tested to check that they functioned properly and changed
at a reasonable rate to environmental changes. The piezometers were put in various
depths of water and tested for pressure and temperature accuracy, the extensometer tested
at different lengths extended, and the temperature sensors tested in air and water.
The advantages to testing and doing a full set up prior to installation on the
landslide allowed the chance to look at the best method to wire the system and also
discover and problem solve any issues that would have been more difficult in the remote
environment.
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Wiring diagram
Due to the complexity of the instrument setup, it is important to understand the
physical connections between the instruments, interfaces, datalogger, power system, and
telecommunications devices. Figure 41 shows these relationships through the use of a
flowchart, the lines represent physical connections through wiring.

Datalogger program code
Code was written to control the datalogger and all related systems through the
CRBasic software. A complete copy of the code has been included in Appendix G, a
description of some of the more unique aspects of the code and operation are presented
below.

Figure 41.

Wiring diagram of all of the instruments.
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During development and creation of the code, effort was taken to maintain a clean
and simple operating program that can be easily understood and followed by anyone
interested in the system. Units have been declared and accompany any data that is
recorded to ensure that the user understands what the data represents. Throughout the
code, simple explanations have been included to explain the next step or the instrument
that is being addressed.
Some of the measurements require analysis or correction to the raw data gathered,
e.g. the rain gauge. The units for the data collected by the CR1000 for the rain gauge are
mV. When a data harvest occurs, the author puts all the raw data into a spreadsheet that
converts the mV into inches of precipitation using the equation discussed earlier. The
reason for performing this calculation in a spreadsheet rather than in the code is because
the equation will change every time the rain gauge is serviced (fluid changed). Were the
equation for the rain gauge in the code rather than in the spreadsheet, a new program
would need to be uploaded along with every maintenance procedure.

Uploading a

program increases the amount of data transferred wirelessly, increasing the cost of the
cellular phone bill. Multiple changes made to a system on a regular basis introduces the
possibility of errors or unexpected complications.
One of the concerns that was discussed with other datalogger users, including
Campbell Scientific, was a unique challenge that happens when lightning interferes with
the wireless telecommunications devices, in particular the performance of the cellular
phone modem. The problem that lightning has posed in the past on similar experiments
is that it disrupts the modem so that it is inoperable until it is manually rebooted (turned
off and then back on). To overcome this potential problem with the Skunk Hollow
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Landslide, the code was designed to turn the cell phone off at least once a day. Should a
lightning storm disrupt the functioning capabilities of the cell phone, within a 24-hour
period the unit would be rebooted bringing it back on line again. If communication after
the 24-hour period is still not restored, a manual site visit would be required to determine
the nature of equipment failure. During any time that the cell phone was disrupted, the
datalogger should continue to collect data as normal. A loss of communication could
also be representative of a problem with the datalogger.
Another concern that was addressed by others in observing the design of this
experiment was the concern of power consumption by the cellular phone being turned on
continuously. Experiments in which power consumption is critical due to small batteries,
limited recharging capabilities, or difficult serviceability, should maintain minimal power
consumption through a very limited and planned use of all telecommunications. An
example of this is an experiment that takes place for ocean monitoring through buoys,
access is difficult, power supply is limited, and to accommodate these unique
requirements, a datalogger would turn the cell phone on once a day for a short, known
duration to allow for data transfer.
The Skunk Hollow Landslide does not have any critical issues requiring power
conservation, but in an effort to minimize unnecessary power draw on the battery, the cell
phone was turned off daily from 12:01 AM to 6:00 AM. This daily shutdown of the cell
phone accomplished both a reduction in power demand when data collections were not
likely to occur as well as allow the cell phone to be rebooted daily.
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Instrumentation Installation

Borings, inclinometer, and standpipes
In August 2009, installation began with the boreholes for the inclinometer and
two locations for the standpipes. Y2 Geotechnical volunteered use of their drill rig as
well as an operator. Drilling was completed in 2 days with the drilling of three boreholes
and one cone penetrometer sounding.

The first borehole was drilled to install the

inclinometer to a depth of 27 feet. This boring was located near the center of the
landslide and close to the instrument enclosure. The inclinometer was backfilled with a
cement mixture to secure the pipe in a stable position and prevent any false movements
through settling. Figure 42 shows the drilling of one of the boreholes.
The second hole drilled was the south borehole for the southern piezometer
standpipes to a depth of 27 feet. The third borehole drilled was for the second set of
piezometer standpipes located on the north end of the landslide; the borehole was drilled
to a depth of about 38 feet. All borings were drilled until refusal of the drill rig required
that drilling stop. Figure 43 shows the general configuration of an installed standpipe
with the slotted pipe to allow for fluctuations of groundwater to be sensed in the
piezometers, the slotted pipe was installed at three different depths in each of the
monitoring standpipe borings. Sand was installed in the slotted region and bentonite was
installed both above and below it to prevent water flow along the borehole (see
Appendices C and D for boring and backfill logs). Figure 44 was taken during the
construction of the experimental site.
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Instrument layout
The instrumentation was designed and laid out to minimize the length of cable
that runs between instruments and the control box/datalogger.

Figure 45 shows an

overhead view of the general layout of the instrumentation. The names of the piezometer
locations (Piezometer Location #1 & #2) reflect the order in which the boreholes were
drilled, the names of the volumetric water content sensors are named accordingly to
maintain consistency with the datalogger code and the explanations in the code.

Figure 42.

Drilling during the installation of standpipes and the inclinometer.
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Figure 43.

Figure 44.

Slotted PVC pipe at the bottom of each standpipe.

Construction and installation of the instrumentation.
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Figure 45.

An overhead view of the instrumentation as installed.

56
Located in the center of the Skunk Hollow Landslide is the main instrumentation
control area.

The main instrument enclosure houses the datalogger and all of the

electronic interfaces that integrate the instruments to the datalogger. Included in the
enclosure are desiccant packs designed to maintain an appropriate low humidity level for
moisture-sensitive electronics such as the AM16/32 B Multiplexer. Several instruments
are located in the area including the temperature sensors, rain gauge, displacement-meter,
and the inclinometer. Other important parts of the experiment are located nearby that are
needed to maintain operation of the data gathering including the solar panel, battery, and
the telecommunications equipment.
enclosure.

Figure 46 shows the inside of the instrument

Figure 47 shows the main instrument control area and Figure 48 is an

illustration of this area. Table 4 outlines what is shown in Figure 49.

Figure 46.

The inside of the instrument enclosure.
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Figure 47.

Main instrument control area.
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Figure 48.

Illustration of the main instrument control area.
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Table 4.

Descriptions of the instrumentation for Figure 48
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Water content sensors
The two locations for the volumetric water content sensors each have a total of
four instruments. In each location, two instruments monitoring the upper topsoil and two
instruments monitoring a clay below the top soil as previously discussed. Steps were
taken to mitigate the affect of any additional infiltration due to the disturbed soil,
bentonite was added to the replaced/disturbed soil and the instruments were installed in a
location to monitor soil in the uphill/undisturbed portion of the soil to get the most
accurate reading possible.

Figure 49 shows the volumetric water content sensors

installed before any backfill was installed.

Figure 49.

Volumetric water content sensors prior to backfilling.
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Displacement-meter
For proper operation and reliable reading of the displacement-meter, it was
important to have the displacement-meter properly anchored and secured to a location on
the landslide. A mounting template with four anchor bolts similar to the mounting plate
of the displacement-meter was built and set into concrete near the center of the landslide,
Figure 50 shows this mounting plate just prior to construction and setting.
The displacement-meter has a cable that extends out and is attached to a braided
steel cable that goes up the landslide to a secured anchored post located off the slide. The
cable was secured by support stakes placed every 8 to 10 feet between the displacementmeter and the anchor. After the initial installation, it became clear that the effects of rain,
snow, and ice were going to have some undesirable effects on the quality of measurement
by weighing down the cable and giving false readings of movement.

Figure 50.

The mounting plate prior to construction.
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On the 13th of November 2009 a new method to protect the cable against these
false precipitation movements was implemented. A PVC plastic casing was installed to
support the cable from the displacement-meter to the upper anchor point. One of the
unique challenges that was addressed with this cable enclosure was allowing for
expansion to occur as the landslide moved and still protect the cable in an enclosed and
protected environment. The author designed and built several expansion joints to allow
the protective PVC casing to expand as landslide movement occurred, Figure 51 shows
an example of one of these expansion joints. The enclosure is made up of ¾-inch PVC
pipe with a larger diameter pipe into which the standard ¾-inch pipe fits as seen below.
Each expansion joint has an overlap greater than 12 inches, allowing the full amount of
movement to be taken within one or several expansion joints. Several expansion joints
were installed on the cable enclosure in predetermined critical areas in the upper parts of
the landslide, in particular in the areas of previous movement (head scarps).
After the expansion joints had been installed, additional anchor stakes were
installed to help secure the pipe and protect it from moving/settling due to any additional
snow weight on top of the pipe.

Figure 51.

An expansion joint layed out prior to installation.
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After the modifications of the extension cable were resolved, measurements were
taken of the spacing between all of the support stakes, to aid in the understanding of
where occurring along the cable. By having a documented location of every stake, the
pre-movement distance between stakes was able to be compared to a post-movement
position of the stakes. Information from these stakes shows the location at which the
shear plane intercepts the ground surface, and is representative of which head scarps are
active with movement.

Figure 52 shows the measured distances between stakes

measured on 24th of November 2009.
During the installation of the cable enclosure, the weak link of the extension cable
that was designed to prevent overextension failed. As a result of this failure, the spring
inside the displacement-meter retracted the cable and caused a failure of the
displacement-meter. This failure required an in-field repair with the help of Geokon
engineers through several phone calls and discussions regarding the state of the
displacement-meter. After a few days the instrument was repaired and put back into
service.

A complete review of this instrument and its failure along with design

suggestions was submitted to Geokon. This review has been included in Appendix E of
this document as a resource to better understand what happened and the corrective
actions taken. Several of the design suggestions by the author have been implemented
into the new design of Geokon’s displacement-meter. One of the biggest changes made
in the field was the modification of the weak link. Figure 53 below shows how the weak
link was corrected in the field to provide a more reliable connection and prevent the cable
from springing back into the displacement-meter housing again.
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Figure 52.

Measured cable support distances (fall 2009).
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Figure 53.

Field correction of the weak link for the extensometer cable.

Other monitoring
When site visits were performed, snow depths were recorded.

On one visit

various snow samples were taken to determine the percentage of moisture content in the
snow to better understand how much actual water was in the snowpack.

Snow

temperature was also recorded through the measurement of temperature of the
displacement-meter that was installed on the ground surface and encased by snow on five
of the six sides of the instrument.
A site survey was performed to determine the slope of the landslide as well as
make survey measurements of the deer fence that passes through the middle of the slide.
The survey was performed with the help of Christopher Tressler, a graduate student
studying geology. The results of the snow, site, and fence surveys are discussed in the
Results and Analysis section of this document.

Suggested improvements
At the completion of any major experiment or project, hindsight suggests there
are always a few items that would have been designed or implemented differently.
Before these suggested design changes are discussed, it should be noted that the author
feels that the study was performed with exceptional care and that the study does a
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credible job in performing an analysis of the Skunk Hollow Landslide. The suggested
changes are based on an unlimited budget and sufficient time to perform the installation
and monitoring. One of the most significant changes to similar future experiments would
be the use of several instrument columns of piezometers. Piezometers would be installed
every couple of feet in a bentonite backfill. The backfill would allow pressure to be
measured at closer proximities, allowing more piezometer to be installed giving an
excellent range of pore pressures in the landslide. The Skunk Hollow Landslide was
designed and built with installation procedures that allow for the instruments to be
recovered easily, unlike the suggested installation method. Another change that could
provide useful results in a future monitoring project would be the creation of a buried rain
gauge to measure infiltration. The instrument would function in a very similar fashion to
the rain gauge by measuring water weight from infiltration rather than from precipitation.
The location would be buried in a pit in the ground with some trays that feed into the
measuring device. The trays that feed the gauge would contain a few inches of soil in
them and would rest on the ground surface. The top of the soil would be the same height
as the ground surface. The trays would collect infiltration from a known area and direct
that infiltration to the gauge. It would be possible to monitor when and how much
filtration occurs during the season as well as determine the total amount of infiltration
that seeps into the landslide based on the area landslide. If an instrument were built to
make these measurements in a similar fashion to that of the rain gauge, the total cost
would likely be less than $150. The instrument should be able to be connected to the
current datalogger on the Skunk Hollow Landslide.
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DATA COLLECTION

Atterberg Limits

Borings and lab testing
When the monitoring standpipes and inclinometer were installed, boring logs
were created and samples taken (boring logs located in Appendix C). Several samples
were analyzed in the lab to determine the Atterberg limits. Figure 54 shows the results of
the tests plotted on a plasticity chart (acipco.com, 07 April 2010), and Table 5 shows the
depths and numerical values plotted. The Liquid Limit values were used to correlate the
soil to a residual friction angle using a correlation between liquid limit and residual
friction angle (Stark and Eid, 1994). The range of the friction angle was found to be
between 10° and 14°. This was needed as an input for SLIDE to do computer slope
stability analyses of the landslide.

Table 5.

Borings samples tested for their Atterberg Limits

Figure 54. Plasticity chart with various depths of soil from the Skunk Hollow Landslide.
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Instrumentation Data

During the first few months of monitoring from October 2009 to June 2010, over
300,000 data points were collected. With such a large quantity of data, it was critical that
the data be condensed into a manageable format that could easily be interpreted to
determine trends and correlations. Table 6 demonstrates the quantity of data gathered
presenting the number of data points and length of the printed data. One of the most
effective ways to analyze the data was to take a 24-hr average of the data. The 24-hr
average helped to eliminate a lot of environmental effects that were seen in the
instruments as a result of fluctuating day and night temperatures.

Snowpack
During the winter of 2009-2010, about 10 inches (actual water) of precipitation
fell in the form of snow between the beginning of December to about April. On 12
January, snow density measurements were recorded as shown in Figure 55. The results
of the snowpack showed that 3.81 inches of water were contained in 14.5 inches of snow

Table 6.

The quantity of data gathered.
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on the ground. A very minimal amount of moisture had infiltrated into the ground as of
12 January. This is based on the quantity of water stored in the snowpack, precipitation,
and temperature measurements.
One of the unexpected abilities of the instrumentation of the landslide was the
ability to recognize the presence of a snow pack on the ground through the monitoring of
the displacement-meter temperature (located on the ground surface). These recorded
temperatures follow the air temperature quite closely until the box was surrounded by
snow, then it reflected the temperature of the surrounding snow. As can be seen in Figure
56, there was sufficient snow on the ground from about the 12th of Dec to the 1st of April
to maintain a relatively constant temperature of 31.2 °F. There are a few dips in the
displacement temperature which are likely to be from parts of the displacement
temperature box exposed to the outside air. The displacement temperature appears to
return to the constant temperature following a precipitation event; this can be seen after
the precipitation event in the middle of January.

Temperatures
The temperatures for the 2009-2010 winter season were quite close to average,
the only deviation that can be seen on the charts (see Figure 57) is that January was a few
degrees warmer than normal and the spring remained slightly cooler than average
temperatures, this occurred from March to May 2010. The maximum temperature in
January was 47.2 °F, this is above average but still about 10 °F below the historical
maximum temperature, as seen in Figure 58. Monitoring did not begin until the 8th of
October when the initial instruments were installed. Missing the first week of October
made it difficult to accurately plot the October measurements against an average record.
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Due to this missing data, Figures 57, 58, 62, and 63 look at the monthly averages starting
in November. The values for the average, maximum, and minimum temperatures
represent data from Mantua, UT (1 mile south of the Skunk Hollow Landslide).

Figure 55.

The percentage of water contained in the snowpack, 12 Jan 2010.

Figure 56.

Displacement-meter temperature, located on the ground surface.
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Figure 57.

Figure 58.

Measured temperatures compared to Average temperatures (after
weather.com, 2010).

A comparison of maximum and minimum temperatures (after weather.com,
2010).
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Movement
Movement of the landslide was monitored using the extensometer beginning in
October of 2009. On the 16th of February 2010, the first readings indicating landslide
movement were recorded. The total displacement continued to increase to a maximum
value of 3.5 inches on the 13th of April 2010. Within 1 week of the measured maximum
displacement of 3.5 inches, the extensometer readings decreased to about 1.0 inch of
displacement as shown in Figure 59. The extensometer measurement remained relatively
constant at about 1 inch through the remainder of the spring.
The distances between cable support stakes was measured on the 20th of April
2010 to verify and better understand the quantity and location of movement on the site.
As can be seen from Figure 60, there were multiple active scarps in the landslide that had
a combined total movement of 0.94 inches. This second measurement of movement
confirms that the total landslide movement for the 2009/2010 season was about 1 inch. It
appears that the extensometer picked up a combination of movement and something that
created a false measurement, likely to be settling snow on the extensometer pipe. The
effects of the settling snow make it difficult to discern additional details about movement
other than total displacement. Based on the combination of measurements, about 1 inch
of landslide movement occurred some time between the February 16th and April 13th of
2010. It is unable to be determined the approximate time or rate of movement within this
specified window.

Six-day maximum temperature average
As discussed in the Literature Review section, Chleborad (1998) states that it was
expected that landslide movement would correlate with warmer temperatures similar to

73
the 6-day maximum temperature average of 58 °F referenced in his study. The measured
movement on the Skunk Hollow Landslide occurred between February 16th and April 13th
even though the Chleborad temperature threshold was not reached until the 16th of April.
Therefore it is likely that movement occurred prior to the 13th of April making the
temperature threshold for the landslide less than 58 °F. By the time the Chleborad
temperature threshold was reached, the majority of the snow had melted from the site.
Additional monitoring will need to take place to determine if a 6-day maximum
temperature average exists that correlates with landslide initiation.
Figure 61 shows a plot of the six-day temperature average in comparison to the
landslide movement indicated by the extensometer. Toward the end of February there
was a large drop in temperature, which correlates with the decrease in recorded
movement because that would freeze the snow and slow it from settling.

Figure 59.

Movement as measured by the extensometer.
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Figure 60.

Figure 61.

Measured change of distances between cable support stakes.

Comparing movement to the 6-day temperature threshold.
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Precipitation
Figures 62 and 63 show the monthly and annual average precipitation reported by
weather.com (2010) compared to the measured precipitation on the Skunk Hollow
Landslide. As can be seen, December and January were significantly wetter than normal
while February and March were drier than average followed by a wet spring. It should be
noted that the rain gauge was installed and working properly after the 24th of October.
Due to the lack of data for October, the graphs reflect measurements taken after
November 1st.

Figure 62.

A comparison of measured and average precipitation (after weather.com,
2010).

Figure 63.

A comparison of cumulative measured and average precipitation (after
weather.com, 2010).
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Storm response
One of the most critical things needed to understand the triggering mechanism of
any landslide is how water moves through the slide mass.

Figure 64 shows the

relationship between internal pore pressures and precipitation events. It can be seen on
this graph (circled in red) a storm that occurred on the 24th of October, piezometer 2B
located at a depth of 20 feet 11.5 inches shows a response time of about 1 day. The
boring logs indicate that the soil is predominantly composed of a clay that could not
allow water to travel quickly through the soil matrix.

This shows evidence of the

presence of cracks and fissures that allow water to get into the landslide at a very rapid
rate following storms and snowmelt events. Figure 64 shows the immediate response of
the piezometer from the October 24th storm but it also shows that the piezometer
continued to rise. The additional rise could be from the same storm as a secondary/longer
delay response as water permeates through the soil. Other storm events were recorded
during the winter and spring. The effects of these storms is less noticeable than the
October storm when conditions were drier.

Spring conditions brought significant

moisture but the response was minimized possibly from already moist conditions.

Figure 64.

Total head vs. precipitation shows a strong storm response.
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Surface infiltration
Figures 65 and 66 show readings from the north and south water content sensors
reading respectively, plotted versus depth as “snapshots” in time on the 1st and 15th of
every month. These plots allow one to visualize the changes in wetting front as water
seeps into the ground from precipitation and snowmelt. Each snapshot has a straight
black line representing the same baseline wave instrument output value of 0.20 so the
snapshots can be compared to get a better understanding of the changes in the soil
moisture profile with time. It can be seen that soil moisture started to pick up a little bit
at the surface starting in mid January to the first of February. The lower depths did not
see any significant moisture increase until about April when they began to rise as a result
of snowmelt infiltration.
Figures 67 and 68 show water content sensor readings in comparison to landslide
movement. There is a significant increase in moisture content that occurs in March even
though the movement started in the middle of February. In general, it appears that
movement occurs before any significant amount of water is infiltrated below a depth of
40 inches through the soil matrix.

Pore pressure vs. movement
Figures 69 and 70 are plots of pressure head compared to landslide movement and
total head compared to landslide movement. It can be seen that there was no significant
change immediately before or after the initiation of movement. Due to the inability to
accurately determine the time of movement as discussed in the “Movement” subsection,
it is difficult to determine precise correlations between movment and pore pressure. It is
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interesting to note that during the window of possible movement in the middle of March,
three of the four piezometers began to show a significant increase in pore pressure.

Cumulative precipitation vs. movement
As seen in Figure 64, the spring rains had a minimal impact on piezometric
pressure and below in Figure 71 the bulk of the heavy spring precipitation occurred after
movement was seen. Based on these observations we can conclude that the spring time
precipitation has a minimal effect on piezometers and that means a minimal effect as well
on movement. The winter snow pack seems to be a more important factor.

Inclinometer
Inclinometer readings were taken throughout the study for confirmation of the
movement as well as an indicator of the depth that movement is occurring. The pattern
of movement indicated on the inclinometer as seen in Figure 72, shows most of the
movement occurring near the surface and decreasing with depth. No distinct slide plane
is indicated by the movement. This may suggest the observed movement may be the
result of slide mass adjustment with wetting rather than movement along the slide plane.
While surface infiltration is not a likely cause of significant landslide movement, it could
be a cause of near surface movement as seen in the inclinometer.
An earlier reading was taken in the fall as a baseline but the reading was
considered questionable when compared to later readings. The lack of a good preseason
baseline makes it difficult to say the total amount of displacement through the
inclinometer; it is possible that additional movement occurred before February 22nd.
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Figure 65.

Snapshots of volumetric water content (northern location).

Figure 66.

Snapshots of volumetric water content (southern location).

Figure 67.

Water content (north) vs. movement.
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Figure 68.

Water content (south) vs. movement.

Figure 69.

Figure 70.

Pressure head vs. movement.

Total head vs. movement.
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Figure 71.

Figure 72.

Cumulative precipitation vs. movement.

A graph of inclinometer measurements showing displacement.
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Fence movement
Figure 73 is a photograph taken on the south side of the landslide looking north
along the deer fence to show fence displacement. A survey was performed to get an
estimate of how much movement typically occurs per year based on the measured
displacement of the deer fence. Based on the results of the survey, the fence has been
displaced about 1.8 to 2.5 feet. Taking total fence displacement divided by the estimated
age of the fence indicates that the average yearly movement to be about 1.5 to 2.5 inches
per year. Figures 74 through 76 show the results of the survey.

Figure 73.

A photograph showing fence displacement in the landslide.
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Figure 74.

An aerial view showing the location of the profiles taken.
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Figure 75.

Aerial diagram of the landslide with the cut slope.
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Figure 76.

Fence displacement determined from a straight line.
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Computer Analysis

The computer program SLIDE (Rocscience, 2009) was used to perform an
analysis to provide a better understanding of the landslide and the factor of safety under
different water pressure conditions.
Using the computer program, the known water conditions and failure locations
were input, a back calculation of the residual friction angle was calculated to be 16°
giving a factor of safety of 0.957, see Figure 77. The back calculated residual friction
angle seems reasonable due to it being near the range determined based on the liquid
limit of the soil. Using the same residual friction angle, an analysis of summer conditions
based on a friction angle of 16° and the lowest water levels recorded was input into slide
to determine a factor of safety of 1.158. Figure 78 shows the expected summer time
conditions estimated from the earliest measurements taken in October.

The profile

created in the program was modeled after the results from the site survey information
included in Appendix F.
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Figure 77.

Figure 78.

An analysis of conditions at the time of failure using SLIDE.

An analysis of expected summer conditions using SLIDE.
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CONCLUSIONS

Based upon the data from the 2009/2010 landslide season, it is believed that the
Skunk Hollow Landslide is partially controlled by water infiltration into the slide mass
through cracks and fissures. Evidence of cracks and fissures in the slide can be seen by
the ability of water to infiltrate rapidly as evidenced by a 1-day pore pressure response
from the October rainstorms. In the spring, the piezometric response indicates that snow
melt infiltration is more efficient at getting water into the slide mass than large spring
rainstorms. This can be seen by the fact that the piezometers seem to rise steadily in the
spring during melting conditions with minimal increases from large spring precipitation
events, see Figure 64.
There were discrepancies with the recorded landslide movements from the
extensometer, inclinometer, and the measured distances between cable support stakes.
The extensometer showed up to 3.5 inches of movement and then dropped down to 1.1
inch. The measured distance between stakes showed a total displacement of 0.94 inches
and several active landslide scarps. It is possible that the displacement cable was pulled
out to the full 3.5 inches as recorded due to a combination of landslide movement and
snow load on the enclosure pipe.

Currently it is believed that about one inch of

movement occurred during the 2009/2010 landslide season after a close examination of
all three movement indicators.
The inclinometer shows the majority of the movement to be near the surface with
no distinct slide plane. This may suggest that any movement could have been a result of
landslide readjustment from soil wetting rather than any significant landslide movement
along a well defined slide plane for the 2009/2010 year. Figure 65 shows that infiltration
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had not reached any significant depths to affect a deep slide plane, however this may help
attribute to the surface movement/readjustment that was evidenced in the inclinometer.
Movement seen from the extensometer cable support stakes shows that there are
four active scarps creating conduits for water entry into the slide mass. The lower scarps
showed the most potential for heavy ponding as a result of basins created from previous
movements allowing a water entry point on the slide. Ponding water was seen at multiple
locations during various site visits in the spring of 2010.
The recorded extensometer movement was strongly affected by the surrounding
environment creating a window of time that we know that movement occurred. During
the time that movement occurred there were significant fluctuations in pore pressure and
the infiltrating wetting front. Figures 69-70 show the relationship between the pore
pressure and movement, as shown there was an increase in pressure at three of the four
locations during the window of possible movement, it is possible that a correlation
between pore pressure and movement can exist. Due to the discrepancies with movement
and an inability to determine the exact time of failure, it is difficult to establish strong
correlations between pore pressure, infiltration, seasonal conditions, and landslide
movement.
In addition to water pressure along the slide plane from infiltration through cracks
and fissures being an important factor in the initiation of landslide movement, it is
possible that tension cracks in the head scarp could fill with water, exerting additional
driving force on the landslide and resulting in movement. Additional force from water in
the tension cracks cannot be confirmed at this time based on the data and instrumentation
setup. Further instrumentation/analysis will be required to investigate this possibility.
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Property Owner Contact Information:
Kia Lyn Hodgson
Trustee of Rock Manor Trust
Fadel Law firm
170 West 400 South
Bountiful, 84010
Phone: (801) 298-7961

97

Appendix B. Instrument Calibration

98

99

100

101

102

103

104

105

Appendix C. Boring Logs
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Appendix G. CR1000 Program Code
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'Skunk Hollow Landslide Observation
'Program Created by: Brent Randall and CSI Shortcut Software
'Instrumentation includes:
'
CR1000 datalogger
'
AVW200 - AM16/32 Multiplexer - 4- VW Piezometers. and 1- VW
Displacement Meter
'
8- CS616 (Volumetric Water Content Sensors)
'
2- 107-L Temp. Sensors
'
1- Full Bridge load cell for precipitation measurements
'
1- Barometer, CS100
'
1- RavenXTV Cell Phone Modem
'
1- SP10R Solar Panel
'Declare Variables
Dim Count,i,PA_uS(8)
Public BattV
Public PTemp_C
Public VW_Pit_1_(4)
Public VW_PIT_2_(4)
Public T107_Cair,T107_Cgrd
Public Rain
Public AVWRC
Public VW(5,6)
Public Freq(5)
Public Amp(5)
Public SNRat(5)
Public NFreq(5)
Public DRat(5)
Public TR(5)
Public TT(5)
Public FBr6Wrain
Public Digit(5)
Public Head(4)
Public Displacement
Public A(5), B(5), C(5), K(4), T0(5), S0(4), G(5), Ro(5)
Public BP_mbar
Public BP_mbarCfElev
'Declare Units
Units BattV=Volts
Units PA_uS(8)=uSec
Units T107_Cair=Deg C
Units T107_Cgrd=Deg C
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Units FBr6Wrain=mV/V
Units PTemp_C=Deg C
Units AVWRC=Code
Units Freq=Hz
Units Amp=mV RMS
Units SNRat=Ratio
Units NFreq=Hz
Units DRat=Ratio
Units TR=Ohms
Units TT=Deg C
Units BP_mbar=mbar
Units BP_mbarCfElev=mbar
Units T0=Deg C
Units S0=mbar
Units Head=psi
Units G=psi/digit
Units Ro=digits
'Define Data Tables
DataTable(Table1,True,-1)
DataInterval(0,30,min,10)
Sample(1,BattV,FP2)
Sample(1,PTemp_C,FP2)
Sample(4,Head(1),FP2)
Sample(1,Displacement,FP2)
Sample(5,TT(1),FP2)
Sample(4,VW_Pit_1_(1),FP2)
Sample(4,VW_PIT_2_(1),FP2)
Sample(1,T107_Cair,FP2)
Sample(1,T107_Cgrd,FP2)
Sample(1,BP_mbar,FP2)
Sample(1,BP_mbarCfElev,FP2)
Sample(1,Rain,IEEE4)
' Sample(5,TR(1),FP2)
' Sample(5,Freq(1),FP2)
EndTable
DataTable(Table2,True,-1)
DataInterval(0,1440,Min,10)
Minimum(1,BattV,FP2,False,False)
EndTable
'Main Program to Collect the Data
BeginProg
' SW12(1) 'Turn cell phone on when program is first run.
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SerialOpen(Com3,38400,4,0,0)
Scan(30,min,1,0)

'Standard Measurements to monitor the Datalogger supporting equipment
Battery(BattV)
PanelTemp(PTemp_C,_60Hz) 'Wiring Panel Temperature measurement PTemp_C
'Soil Moisture Content measurements using the CS-616
CS616(PA_uS(),1,1,1,4,1,0) 'CS616 Water Content Reflectometer measurements
VW_Pit_1_(1)=-0.0663+(-0.0063*PA_uS)+(0.0007*PA_uS^2) 'Convert Period
Average of sensors 1-4 in Pit 1 to VWC
CS616(PA_uS(),1,2,1,4,1,0) 'CS616 Water Content Reflectometer measurements
VW_Pit_1_(2)=-0.0663+(-0.0063*PA_uS)+(0.0007*PA_uS^2) 'Convert Period
Average of sensors 1-4 in Pit 1 to VWC
CS616(PA_uS(),1,3,1,4,1,0) 'CS616 Water Content Reflectometer measurements
VW_Pit_1_(3)=-0.0663+(-0.0063*PA_uS)+(0.0007*PA_uS^2) 'Convert Period
Average of sensors 1-4 in Pit 1 to VWC
CS616(PA_uS(),1,4,1,4,1,0) 'CS616 Water Content Reflectometer measurements
VW_Pit_1_(4)=-0.0663+(-0.0063*PA_uS)+(0.0007*PA_uS^2) 'Convert Period
Average of sensors 1-4 in Pit 1 to VWC
CS616(PA_uS(),1,5,2,4,1,0) 'CS616 Water Content Reflectometer measurements
VW_Pit_2_(1)=-0.0663+(-0.0063*PA_uS)+(0.0007*PA_uS^2) 'Convert Period
Average of sensors 1-4 in Pit 1 to VWC
CS616(PA_uS(),1,6,2,4,1,0) 'CS616 Water Content Reflectometer measurements
VW_Pit_2_(2)=-0.0663+(-0.0063*PA_uS)+(0.0007*PA_uS^2) 'Convert Period
Average of sensors 1-4 in Pit 1 to VWC
CS616(PA_uS(),1,7,2,4,1,0) 'CS616 Water Content Reflectometer measurements
VW_Pit_2_(3)=-0.0663+(-0.0063*PA_uS)+(0.0007*PA_uS^2) 'Convert Period
Average of sensors 1-4 in Pit 1 to VWC
CS616(PA_uS(),1,8,2,4,1,0) 'CS616 Water Content Reflectometer measurements
VW_Pit_2_(4)=-0.0663+(-0.0063*PA_uS)+(0.0007*PA_uS^2) 'Convert Period
Average of sensors 1-4 in Pit 1 to VWC

'Air and Ground Temperature near the Datalogger
Therm107(T107_Cair,1,9,1,0,_60Hz,1,0) '107 Temperature Probe measurement
T107_Cair
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Therm107(T107_Cgrd,1,10,1,0,_60Hz,1,0)'107 Temperature Probe measurement
T107_Cgrd
'Barometer Pressure Measurment with the CS100
'Uncorrected Barometric Pressure, NO ELEVATION CORRECTION USED
PortSet (3,1)
VoltSe(BP_mbar,1,mV2500,15,1,0,_60Hz,0.2,600)
BP_mbar=BP_mbar*1
'Corrected Barometric Pressure for an elevation of 5440 feet
PortSet(3,1)
VoltSe(BP_mbarCfElev,1,mV2500,15,1,0,_60Hz,0.2,783.9735)
BP_mbarCfElev=BP_mbarCfElev*1
'Full Bridge Load Cell to measure Precipitation
BrFull6W(FBr6Wrain,1,mV2500,mV7_5,6,2,1,2500,True,True,0,_60Hz,1,0) 'Rain
gage measurement (Full Bridge strain gage)
Rain = FBr6Wrain '(insert conversion formula here)
' BrFull6W(FBr6Wrain,1,mV2500,mV250,6,2,1,2500,True,True,0,_60Hz,1,0) Old
Code
'Gather the information from the Vibrating Wire Instruments
AVW200(AVWRC,Com3,0,200,VW(1,1),1,1,5,1400,3500,1,_60Hz,1,0) 'Vibrating
Wire measurement Freq()
For Count=1 To 5
Freq(Count)=VW(Count,1)
Amp(Count)=VW(Count,2)
SNRat(Count)=VW(Count,3)
NFreq(Count)=VW(Count,4)
DRat(Count)=VW(Count,5)
TR(Count)=VW(Count,6)
TT(Count)=1/(.0014051+.0002369*LN(TR(Count))+.0000001019*LN(TR(Count))^3)
TT(Count)=TT(Count)-273.15
Next
'Load Factory Calibration Variables or Variables gathered on site
'Calibration for Geokon VW Piezo, SN: 0915542, a.k.a. Piezo #1
A(1)=(-.0000000400642)
B(1)=(-0.01588)
C(1)=139.24
K(1)=(-0.00485)
T0(1)=7.79
S0(1)=833
G(1)=.01645
Ro(1)=8565
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'Calibration for Geokon VW Piezo, SN: 0915543, a.k.a. Piezo #2
A(2)=(-.0000000328679)
B(2)=(-0.01586)
C(2)=142.82
K(2)=(-0.01485)
T0(2)=8.01
S0(2)=833
G(2)=.01634
Ro(2)=8829
'Calibration for Geokon VW Piezo, SN: 0915544, a.k.a. Piezo #3
A(3)=(-.0000000326437)
B(3)=(-0.01681)
C(3)=148.75
K(3)=(-0.00678)
T0(3)=8.42
S0(3)=833
G(3)=.01728
Ro(3)=8684
'Calibration for Geokon VW Piezo, SN: 0915545, a.k.a. Piezo #4
A(4)=(-.0000000288658)
B(4)=(-0.01780)
C(4)=159.08
K(4)=(-0.00894)
T0(4)=8.41
S0(4)=833
G(4)=.01823
Ro(4)=8794
'Calibration for Geokon VW Displacement Meter, SN: 0910019
A(5)=.0000000354783
B(5)=.007882
C(5)=(-22.576)
T0(5)=10.79
G(5)=.008252
Ro(5)=2682
'Equations to convert Hz measured to Displacement or Pressure with a temperature and
barometric correction.
For Count=1 To 4
'Vibrating Wire Piezometers
Digit(Count)= ((Freq(Count)/1000)^2)*1000
Head(Count)=G(Count)*(Ro(Count)-Digit(Count))'+K(Count)*(TT(Count)T0(Count))-(BP_mbar-S0(Count))
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Next
'Vibrating Wire Displacement Meter with correction for the temperature elongation of
steel cable
Digit(5)= ((Freq(5)/1000)^2)*1000
Displacement=G(5)*(Ro(5)-Digit(5))'+K(Count)*(TT(Count)-T0(Count))

'Turn off the Cell Phone once per day to reset due to lightning or other electrical
interferance and to maintain battery
If TimeIntoInterval (1,1440,Min) Then SW12(0) 'Turn phone off at 12:01 AM
If TimeIntoInterval (360,1440,min) Then SW12(1) 'Turn phone on at 6:00 AM
If TimeIntoInterval (960,1440,min) Then SW12(1) 'Turn phone on at time after
uploading new program, 11:30am
'Call Data Tables and Store Data
CallTable(Table1)
CallTable(Table2)
NextScan
EndProg

141

Appendix H. Geologic Maps
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